Background-Patients with a single ventricle have multiple risk factors for central nervous system injury, both before and after the Fontan procedure. Methods and Results-A geographically selected cohort was invited to undergo standardized testing, including age-appropriate measures of intelligence quotient (IQ) and achievement tests. Historical information was obtained by chart review and patient questionnaires. Of the 222 eligible patients, 133 (59.9%) participated. Median age at testing was 11.1 years (range, 3.7 to 41.0 years), 6.0 years (range, 1.6 to 19.6 years) after surgery. Mean full-scale IQ was 95.7Ϯ17.4 (PϽ0.006 versus normal); 10 patients (7.8%) had full-scale IQ scores Ͻ70 (Pϭ0.001). After adjustment for socioeconomic status, lower IQ was associated with the use of circulatory arrest before the Fontan operation (Pϭ0.002), the anatomic diagnoses of hypoplastic left heart syndrome (PϽ0.001) and "other complex" (Pϭ0.05), and prior placement of a pulmonary artery band (Pϭ0.04). Mean composite achievement score was 91.6Ϯ15.4 (PϽ0.001 versus normal); 14 patients (10.8%) scored Ͻ70 (PϽ0.001). After adjustment for socioeconomic status, independent risk factors for low achievement scores included the diagnoses of hypoplastic left heart syndrome (Pϭ0.004) and "other complex" (Pϭ0.003) or prior use of circulatory arrest (Pϭ0.03), as well as a reoperation with cardiopulmonary bypass within 30 days of the Fontan (Pϭ0.01). 
A mong patients with congenital heart disease, those with a functional single ventricle, ultimately palliated with the Fontan operation, are perhaps at greatest risk for neurological, cognitive, and psychological impairment. Many patients with a single ventricle have either duct-dependent systemic or pulmonary blood flow; closure of the ductus in the early neonatal period may result in profound cyanosis, acidosis, hypoxic-ischemic injury, or shock, with secondary effects on the brain. 1 Many patients require multiple surgical procedures with cardiopulmonary bypass (CPB) and deep hypothermic circulatory arrest (DHCA). 2 In infancy and early childhood, failure to thrive is common 3, 4 and may adversely affect motor skills. Before the Fontan operation, all patients had chronic hypoxemia, which may impair later cognitive function. 5 The potential for embolic events exists both before and after the Fontan. 6 Finally, all are exposed to the psychological stress of having chronic cardiac disease. 7 As the mortality risk for the Fontan operation has declined, 8, 9 the quality of life of survivors has come into focus. The purpose of the present study was to characterize cognitive function and academic achievement after the Fontan operation and to identify potential patient-and procedurerelated risk factors influencing long-term cognitive outcome.
Methods

Patients
Between September 1992 and June 1994, we performed a crosssectional review of the first 500 patients who underwent various modifications of the Fontan operation at Children's Hospital in Boston between April 1973 and July 1991. Earlier reports describe the study population, methods of data acquisition, factors influencing early and late mortality, and late hemodynamic, electrophysiological, and functional results in the entire cohort. 3, 8, 10, 11 To each of the 363 known survivors, we mailed a questionnaire that included information on medications, medical history, functional state, education, and additional therapy.
In the present study, the known survivors were classified as "regional" (New England and New York) or "distant" patients; all regional patients were invited to return to Children's Hospital for a comprehensive, age-specific cognitive and psychological assessment. Socioeconomic status (SES) was determined for the study participants with the Hollingshead Scale. 12 Informed consent was obtained from subjects or their parents according to the guidelines of the institutional Committee on Human Investigation.
Cognitive Testing
We administered a series of tests that measured intellectual function and academic skills. Testing was performed by a single examiner, a clinical psychologist (K.M.S.) who was blinded to the medical and cardiac histories of subjects at the time of testing. Two subjects were tested in their homes at parental request; the remainder were tested at the hospital.
The test battery varied according to age. Children from 3 to 5 years of age were administered the Wechsler Preschool and Primary Scale of Intelligence-Revised (WPPSI-R) 13 ; subjects between 6 and 16 years of age were given the Wechsler Intelligence Scale for Children-Third Edition (WISC-III) 14 ; and those Ն17 years of age were given the Wechsler Adult Intelligence Scale-Revised (WAIS-R). 15 The scales on each test are made up of individual subtests grouped into verbal and performance subsections. The verbal subtests measure various skills involving use of language and language-related abilities, whereas the performance subtests involve primarily nonverbal reasoning skills.
Achievement Testing
Academic performance for subjects 3 to 5 years of age was evaluated with the Kaufman Assessment Battery for Children Achievement Scale (K-ABC) 16 ; for subjects Ͼ5 years of age, the Wide Range Achievement Test-Revised (WRAT-R) was administered. 17 Individual subtest scores on both the K-ABC and WRAT-R are derived and summed to yield overall composite scores of preacademic (K-ABC) and academic (WRAT-R) functioning.
Learning Disability
Learning disabilities may be defined as underachievement relative to a subject's level of ability as measured by the intelligence quotient (IQ) score. To identify individuals with potential learning difficulties, subjects' predicted achievement scores were calculated from their IQ scores on the basis of the linear relationship between achievement and ability in the general population. The estimates were corrected for the inherent correlation between ability and achievement, measurement error, and effect of regression to the mean. 18 
Statistical Analysis
To evaluate the role of selection bias, we compared perioperative data of the regional patients who returned for developmental testing with that of the patients who were alive with an intact Fontan circulation but who did not return; the 2-sample t and Wilcoxon rank-sum tests were used for continuous measurements, and the 2 test was used for categorical measurements. The primary outcomes were the continuous variables full-scale IQ, verbal and performance IQ, and composite achievement score, as well as the binary indicator of learning disability. Before the results from different testing modalities were combined, mean scores for various age groups were compared by use of the 2-sample t test for composite achievement score and 1-way ANOVA for IQ scores. Linear regression was used to analyze the continuous outcomes; logistic regression methods were used for the binary outcome. In each case, PՅ0.05 was required for retention in the final multivariate model.
Results
Study Patients
Patients who returned for developmental testing (Table 1 and Figure 1 ) and those who did not were similar with respect to anatomic diagnoses, sex, age at Fontan, and preoperative oxygen saturation. Furthermore, participants did not differ from the 180 patients who completed a questionnaire but did not undergo developmental testing with respect to current health status, medication use, frequency of support service use, and reported physical capability (PϾ0.05). 3 Mean age at the time of testing was 14.1Ϯ8.8 years (median, 11.1 years; range, 3.7 to 41.0 years). The mean follow-up time was 6.8Ϯ3.8 years (median, 6.0 years; range, 1.6 to 19.6 years) after surgery. Before the Fontan operation, 7 patients (5.3%) had a documented pH of Ͻ7.25 at presentation, 10 (7.6%) had clinical seizures, and 2 (1.5%) had had a stroke. The mean preoperative aortic oxygen saturation (measured at cardiac catheterization, nϭ131) was 82.8Ϯ6.5% (median, 83%; range, 48% to 94%). Surgical procedures (nϭ209) before the Fontan operation were performed in 120 patients (90.2%) ( Table 2 ). Circulatory arrest before the Fontan procedure had been used in none of the patients who were young adults (Ն16 years of age) at the time of the Fontan versus 9.5% of those between 4 and 16 years of age and 26.9% of the youngest age group (Ͻ4 years, Pϭ0.005).
Operative and hospital data from the Fontan procedure are shown in Table 3 .
Questionnaire Data/School Performance
Age-appropriate questionnaire data were available in all 133 patients at a median follow-up time of 5.7 years (range, 1.5 to 19.1 years) after the Fontan operation. The questionnaire was completed by 31 (23.3%) of the patients, by the patients' parents in 96 cases (72.2%), and by "other" in 5 instances (3.7%), and identification of the respondent was missing for 1 (0.7%). At the time of questionnaire completion, 26 subjects were preschoolers (Ͻ6 years), 74 were school-age children (6 to 17 years), and 33 were adults (Ն18 years). Current health was described as excellent in 45.1%, good in 47.4%, and fair in 7.5%. Medications were being taken by 67.7%. A speech therapist had been used by 29.3%, an occupational therapist by 21.1%, a physical therapist by 24.8%, a neurologist by 20.3%, and a psychiatrist by 15.8%. Among the school-age group, 16 subjects (21.6%) were held back in school at some time; 3 (4.1%) were not in a regular classroom.
Cognitive Testing
The parents of a 5-year-old child refused testing after arrival at our center, 2 young children were untestable because of poor cooperation, and 1 child had had a prior test in school and was not retested. For 1 bilingual adult, a performance score was available, but verbal and full-scale scores were not. No significant differences were found among the mean IQ scores for the various age groups (full-scale, Pϭ0.7; verbal, Pϭ0.2; performance, Pϭ0.2); the testing modalities were therefore combined for further analysis (Table 4 ). The mean full-scale IQ of the combined groups was 95.7Ϯ17.4, significantly lower than that expected in the normal population (Pϭ0.006; Figure 2A ). Ten patients (7.8%) had full-scale IQ scores Ͻ70 (ie, Ͼ2 SD below the normal mean of 100; Pϭ0.001). The mean verbal IQ was 96.6Ϯ18.1 (Pϭ0.04); 8 subjects (6.3%) had scores Ͻ70 (Pϭ0.02). The mean performance IQ was 95.6Ϯ16.4 (Pϭ0.003); 11 patients (8.5%) had scores Ͻ70 (PϽ0.001). Higher SES was a strong predictor of higher IQ and achievement scores (PϽ0.001) and was included as a covariate in all regression models. In a multivariate model containing SES and surgical variables but not diagnosis (Table 5) , lower full-scale IQ was significantly associated with the use of circulatory arrest in procedures before the Fontan (Pϭ0.002). The percent variability in observed IQ explained by SES was 16.1%, whereas the percent variability explained by the prior use of circulatory arrest and other surgical variables was 6.1%. When anatomic diagnosis was added to the model, hypoplastic left heart syndrome (HLHS) and "other complex" were associated with lower full-scale IQ (PϽ0.001 and Pϭ0.05, respectively; Figure 2B ), as was the presence of a prior pulmonary artery band (Pϭ0.04). When anatomic diagnosis was added to the model, prior use of circulatory arrest was no longer statistically significant. However, the strong correlation between prior use of circulatory arrest and anatomic diagnosis-eg, all patients with HLHS had a prior period of circulatory arrest-precluded determination of which was the more important risk factor. Regression results were similar when verbal IQ and performance IQ were analyzed individually (Table 5) .
Achievement Testing
Achievement testing was performed in 18 young children (K-ABC) and 112 older participants (WRAT-R) ( Table 6) . One patient did not take an achievement test; 2 others were untestable because of poor cooperation and do not have scores. Two significantly developmentally delayed patients with very low scores were included in the analysis and assigned an arbitrary value of 45. The mean composite achievement scores were similar in the 2 different age groups (Pϭ0.7); therefore, the testing modalities were combined for further analysis.
Compared with national normative data, patients who underwent the Fontan procedure performed significantly worse than expected ( Figure 3A) ; the mean composite achievement score was 91.6Ϯ15.4 (PϽ0.001). A higherthan-expected number of patients had scores Ͼ2 SD below the normal mean of 100; 13 patients (10.0%) had scores Ͻ70 (PϽ0.001).
In a multivariate model containing SES (Table 7) , a prior period of circulatory arrest was associated with lower composite achievement scores (Pϭ0.02), as was an early major reoperation (Pϭ0.05). When anatomic diagnosis was added to the model, HLHS and "other complex" were significantly associated with lower composite achievement scores (Pϭ0.004 and Pϭ0.003; Figure 3B ), as was an early major reoperation (Pϭ0.01). SES alone explained 16.4% of the variability in the composite achievement scores; together, prior circulatory arrest and early major reoperation explained an additional 5.6% of the variability. Regression models excluding the 2 patients with assigned composite achievement scores of 45 produced similar results.
Learning Disability
A learning disability, ie, a lower composite achievement score than would be expected from an individual's level of ability as measured by the full-scale IQ, was identified in 7 of 127 patients (5.5%) for whom both scores were available. Greater probability of a learning disability tended to be associated with lower SES (Pϭ0.07). However, no other patient-or procedure-related variables were significantly associated with learning disability.
Discussion
Despite multiple risk factors for adverse neurodevelopmental outcomes present among patients who have undergone the Fontan procedure, we found that the majority of individual patients have scores on standardized tests of cognitive ability and academic achievement within the normal range. As a group, however, Fontan patients had significantly lower scores on IQ and standardized achievement tests than the general population. SES was a very strong predictor of performance, similar to findings in the normal population 19 and other at-risk patient groups. 20, 21 Additional independent risk factors for worse performance included the prior use of circulatory arrest and the need for a major reoperation early after the Fontan procedure.
Most prior reports suggest that the majority of children have normal intelligence and cognitive performance after cardiac surgery in infancy and early childhood, although group results may be slightly lower than those for the general population. 22, 23 The results in our sample of Fontan patients are similar to those reported for patients who have undergone surgery for other forms of complex congenital heart disease, such as transposition of the great arteries 5, 23, 24 and tetralogy of Fallot. 7, 23 Patients with less complex forms of congenital heart disease have been shown to have cognitive function more similar to normal. 23 Risk factors for adverse outcomes include coexisting central nervous system anomalies, [25] [26] [27] the effects of untreated congenital heart disease on the developing brain, 1, 4, 5 and the effects of cardiac surgery and CPB, particularly DHCA. 23, 24, 28 Similar to the findings recently reported by Uzark et al, 29 our study confirms that the prior use of circulatory arrest is a risk factor for worse cognitive performance and academic achievement after the Fontan operation. These data are Figure 3 . Distribution of composite achievement scores (A) and relationship between composite achievement scores and anatomic diagnoses (B) for study participants. Superimposed bell curve is expected distribution of scores for normal population (mean, 100; SD, 15). Circles mark mean scores for given diagnostic groups; lines represent 95% CIs for means. Abbreviations as in Figure 1 .
consistent with results of a randomized trial of predominant DHCA versus predominant low-flow CPB in patients with d-transposition of the great arteries who underwent the arterial switch operation in early infancy. In sequential periods from the perioperative period to 4 years of age, 24, 28, 30 those whose surgery had entailed longer periods of DHCA demonstrated worse neurological and developmental outcome. Although longer duration of circulatory arrest has been shown to be associated with adverse sequelae, 23, 28, 30, 31 its use may be unavoidable in many patients with the combination of single ventricle, aortic arch hypoplasia, and duct-dependent systemic blood flow. As in other reports, 29,32 the diagnosis of HLHS was a risk factor for poor outcome in this series; however, the number of patients was exceedingly small (nϭ5), and the effects of diagnosis were confounded by use of circulatory arrest in this group. Kern and colleagues 33 reported a negative correlation between the duration of circulatory arrest during stage I reconstruction (mean, 56 minutes) and full-scale IQ. In our series, these patients represent an early portion of the learning curve with surgical management of this disease. The cognitive results in children with HLHS are likely to improve in patients operated on in the more current era, 34 with advances in fetal diagnosis, neuroprotection during CPB, and better nutrition management. Interestingly, the results in our patients with HLHS and other complex lesions who underwent the Fontan operation are similar to those seen early after infant cardiac transplantation. 35, 36 The inferences permitted by this study are limited by several methodological considerations. We cannot exclude selection bias as a possible explanation for our findings. Although the patients included in this investigation did not differ significantly from other eligible patients who did not participate with respect to anatomic diagnosis, surgical procedures, or age at repair, we could not assess the comparability of study participants and nonparticipants with respect to SES or cognitive function. Also, we were unable to compare the SES of the study population to that of the general population. Finally, significant changes in patient selection and surgical technique have taken place over the 2-decade experience with the Fontan operation, thus limiting the generalizability of these results to the current approach in children with a single ventricle.
In conclusion, we found that most patients with a single ventricle palliated with the Fontan procedure in the 1970s and 1980s have long-term cognitive outcome and academic achievement within the normal range. Mean performance of the cohort, however, is lower than that in the general population. Risk factors for worse outcomes include certain diagnoses, particularly HLHS, and the use of DHCA. Future studies must include detailed, prospective assessments of the congenital and perinatal risk factors that may influence long-term cognitive outcome, in addition to the influence of surgical management strategies on hemodynamic and central nervous system outcomes. 
